ABSTRACT Concentrations of DL-glyceraldehyde between 5 and 20 mM reduce the sickling of S/S erythrocytes even in the complete absence of oxygen; at 10 mM glyceraldehyde the increase in the number of normal cells ranges from 20 to 40%. The inhibition of sickling was both concentration-and time-dependent and was not reversed by repeated washings with buffer. Incubation of erythrocytes with increasing concentrations of glyceraldehyde resulted in only a small increase in the oxygen affinity, a moderate reduction in the Hill coefficient, a substantial increase in the minimum gelling concentration, and modification of up to two lysine residues per hemoglobin molecule.
HbAjc (3) (4) (5) . These observations, together with the earlier findings that carbamoylation of the NH2-terminal residues (6) of the ,8-chains (7) of hemoglobin S decreases the aggregation of the protein, have led us to the studies with glyceraldehyde and sickle-cell erythrocytes reported in this communication.
MATERIALS AND METHODS
Whole blood from patients homozygous for sickle-cell anemia was collected into heparinized tubes by venipuncture and was used within 48 hr; informed consent was obtained in all cases. Crystalline DL-glyceraldehyde (analysis: C, 40.09%; H, 6.81%; theoretical: C, 40.03%; H, 6.87%) and sodium borohydride were obtained from Sigma. Tritiated sodium borohydride (276 Ci/ mol) was from New England Nuclear. All other chemicals were reagent grade.
In Vitro Sickling Experiments. Oxygenated erythrocytes were washed three times with phosphate-buffered saline at pH 7.3 (8) , resuspended in the same buffer to the original hematocrit, and incubated either with an equal volume of buffered saline or with DL-glyceraldehyde in buffered saline. After incubation, the cells were equilibrated at 370 for an additional 30 min either with air or with a venous gas mixture of 90.40% N2, 3.83% 02, and 5.77% CO2 (Matheson) . In some experiments the cells were washed with phosphate-buffered saline to remove unbound glyceraldehyde prior to the 30-min gas equilibration. Cells were fixed by the addition of formalin and treated with Wright's stain. Percent normal cells was determined by three observers counting at least 500 cells with a phase contrast microscope at X860 magnification. Cells were considered normal if they approximated the shape of a biconcave disc.
Oxygen Equilibrium Measurements. For erythrocytes, 0.1 ml of packed cells was suspended in 5 ml of phosphate-buffered saline, pH 7.3, after removal of unreacted glyceraldehyde. The oxygen saturation curves were determined as described previously (7) at 370. For hemoglobin solutions that had been freed of organic phosphates (9) , experiments were carried out at 250 in 0.05 M 2,2-bis(hydroxymethyl)-2,2',2"-nitrilotriethanol (Bis-Tris), pH 7.3 (7) .
Determination of Minimum Gelling Concentration. These experiments were carried out on the HbS from lysates of treated cells freed of unreacted glyceraldehyde by washing (7, 10) .
Determination of Sites of Glyceraldehyde Modification. Spectrophotometric titration of free SH-groups was carried out with p-hydroxymercuribenzoate at pH 7.2 as described by Boyer (11) .
For determination of N6-a-glycerollysine, lysates prepared from glyceraldehyde-treated erythrocytes were reduced with sodium borohydride at pH 6.0 in 0.5 M potassium phosphate buffer (12) . Ten additions of a fresh solution of 1 M NaBH4 in 0.01 M NaOH were made over a 30-min period at room temperature to a final concentration of 0.5 M borohydride. An equal volume of concentrated HCI was then added both to destroy excess NaBH4 and for acid hydrolysis of the protein at 110°for 20 hr.
N6-a-Glycerollysine was prepared by modification of the method of Dixon (13) ; the starting material was a-Boc-L-lysine (Bachem) and the reaction with glyceraldehyde was terminated after one hour at room temperature. The product was eluted from the short column of the amino acid analyzer just in front of lysine in the same position as the N6-glycerollysine prepared by Speck et al. by a different route (14) . For calculations the ninhydrin color constant of histidine was used (15) . The Na-glycerol derivative of valine is ninhydrin-negative; labeled NaBH4 was therefore employed in the synthesis in order to facilitate its placement on the amino acid analyzer. L-Valyl-L-valine (Mann) was coupled with glyceraldehyde and reduced with a tracer amount of NaB3H4 (ca. 0.5 mCi, 0.1 mg) as described below for hemoglobin. After acid hydrolysis (42 hr), the solution was applied to the amino acid analyzer equipped with a Nuclear/Chicago scintillation flow cell. In addition to nonradioactive valine (70% yield) one radioactive peak was located just in front of the position for aspartic acid; this was taken as N-a-glycerolvaline.
RESULTS
In Vitro Sickling. Upon incubation with DL-glyceraldehyde (20 mM), the abnormal morphology of sickle-cell erythrocytes in the deoxygenated state (Fig. la) is markedly changed, as shown by the greater number of cells that have normal morphology after treatment with the aldehyde (Fig. lb) . That there 367 Abbreviations: Bis-Tris, 2,2-bis(hydroxymethyl)-2,2',2"-nitrilotriethanol; Ps,0, partial pressure at 50% saturation with oxygen; Hb, hemoglobin; HbS, sickle-cell hemoglobin. In vitro sickling experiments where deoxygenation was accomplished with the venous gas mixture were performed on erythrocytes from several patients ( Table 1) . After incubation with glyceraldehyde (10 mM), there was a substantial increase in the number of normal erythrocytes from each patient although there was considerable variation in the percent of normal cells from patient to patient even before incubation with glyceraldehyde. The experiments under 100% nitrogen performed with erythrocytes from patient E indicate that the inhibition of sickling by glyceraldehyde is not dependent upon the oxygen saturation of the hemoglobin.
The degree of inhibition of sickling by glyceraldehyde was dependent not only upon the concentration of glyceraldehyde in the incubation (Fig. 2a) but also upon the duration of the incubation at a given concentration of the aldehyde (Fig. 2b) . Washing of the cells three times with phosphate-buffered saline after the incubation did not reverse the effect of glyceraldehyde.
Oxygen Equilibrium Experiments. Samples of the same erythrocytes that were used for the in atro sickling experiments described above were taken for determination of the oxygen saturation curves of the hemoglobin S both in whole cells and after lysis of cells and removal of 2,3-diphosphoglycerate ( Fig.   3 and Table 2 ). For whole cells there was no significant effect upon P50 after incubation with 5 and 10 mM glyceraldehyde, but there was a slight increase in the oxygen affinity after incubation with 20 f."N %Zof 
DISCUSSION
The antisickling effect of DL-glyceraldehyde described here appears to be due mainly to a reduction in the ability of deoxy HbS to polymerize. This conclusion is supported by the observations that, in the absence of oxygen, the treated cells are still inhibited from sickling and that the gelling of the hemoglobin, under conditions of anoxia, is reduced in proportion to the amount of glyceraldehyde used. Furthermore, although cells treated with 5 mM and 10 mM glyceraldehyde are partially inhibited from sickling, their oxygen affinity is unaffected. The decrease in cooperativity of oxygen binding by the hemoglobin molecule upon incubation with increasing concentrations of glyceraldehyde is noteworthy in that there is only a small increase in oxygen affinity. There are a number of abnormal hemoglobins, such as hemoglobin Kansas, in which the reduced cooperativity is accompanied by low oxygen affinity (17) . The reason for the reduced cooperativity of hemoglobin after treatment with glyceraldehyde remains to be determined.
The adduct formed between glyceraldehyde and the hemoglobin within the sickle-cell erythrocyte appears to be fairly stable, because the antisickling effect is not reversed by repeated washings with buffer, and the minimum gelling concentration and electrophoretic mobility are unchanged after several weeks at 4°. The use of sodium borohydride is only necessary prior to acid hydrolysis and analysis for the presence of the glycerol derivatives. Indeed, Schiff-base formation of aldehydes with hemoglobin occurs naturally within the red cell to produce hemoglobin Aic in which the NH2-terminal residues of the (-chains are glucosylated (3) (4) (5) . As described in the present communication, one site of reactivity of glyceraldehyde with hemoglobin is the E-NH2 groups of lysine residues. This reactivity is reminiscent of the findings of Horecker and his colleagues with aldolase (12) , where dihydroxyacetone phosphate forms a Schiff base with the e-NH2 groups of a lysine residue at the active site of the enzyme. It remains to be determined whether the N6-a-glycerollysine described in the present communication arises by reduction of a Schiff base on the C-1 of glyceraldehyde or if the initial Schiff base undergoes rearrangement (18) . The amount of a-glycerolvaline found after acid hydrolysis of hemoglobin isolated from cells treated with glyceraldehyde is about 10% of the N6-a-glycerollysine found. This distribution, which reflects the relative amounts of NHI-terminal valine residues and lysine residues in the protein, suggests The detailed molecular mechanism by which DL-glyceraldehyde reduces the aggregation of deoxyhemoglobin S and whether both isomers are equally effective are yet to be determined. It is noteworthy that glucose (0.3 M) also raises the minimum gelling concentration of hemoglobin S (19), but whether this compound acts in a manner similar to glyceraldehyde is not clear at the present time. Paniker et al. (20) reported that glyceraldehyde (5 mM) failed to reduce significantly the viscosity of deoxy HbS, but our results with this concentration of the aldehyde show a significant increase in the minimum gelling concentration.
The pharmacological literature on glyceraldehyde is fairly extensive because this compound has been used in animal studies as an antileukemic agent (21, 22) . Its mode of action in that case was shown by Lardy et al. (23) to be due to the formation of L-sorbose 1-phosphate from L-glyceraldehyde and dihydroxyacetone phosphate; the hexose phosphate inhibits hexokinase and thereby lowers the glycolytic rate. Guidotti et al. (24) found that DL-glyceraldehyde inhibited tumor growth but also led to a decrease in the incorporation of labeled amino acids into protein. This latter finding may portend future toxic side effects. However, it may be worth noting that the mean lethal dose (LD5o) of DL-glyceraldehyde injected intraperitoneally into mice has been reported to be about 3 g/kg (22) .
Beutler and Guinto (25) found that D-glyceraldehyde is slowly metabolized within the red cell to the extent of about 0.1 mmol/min per ml of erythrocytes; about 25% of the glyceraldehyde was reduced to glycerol by a red cell dehydrogenase and CO2 production was somewhat increased. Further studies on the effect of glyceraldehye and related aldehydes on other red cell functions are needed in order to gain more information on this class of compounds and their possible application to sickle-cell disease. 
